Background: Evidence from prospective studies on intake of meat and fish and risk of squamous cell carcinoma (SCC) of the upper aero-digestive tract (UADT) is scarce. We prospectively investigated the association of meat and fish intake with risk of SCC of the UADT and the possible mechanism via heme iron in the large multicenter European Prospective Investigation into Cancer and Nutrition (EPIC) study.
Introduction
Cancers of the oral cavity, pharynx, larynx, and esophagus, collectively referred to as cancers of the upper aero-digestive tract (UADT), account for 8% of all incident cancer cases worldwide (1) . Despite improved methods of detection and advances in treatment, they continue to have a poor prognosis (2, 3) . UADT cancers exist in 2 main histologic subtypes, squamous cell carcinoma (SCC) and adenocarcinoma, which show distinct etiologic and pathologic characteristics. Although the incidence of adenocarcinomas of the esophagus has overtaken that of esophageal SCC in Western countries during the last decades, SCCs are still the dominant histologic type for cancers of the mouth, pharynx, and larynx, accounting for 90% of all cases worldwide (4) .
Tobacco smoking and regular alcohol consumption are the main risk factors for SSC of the UADT (4) (5) (6) . In terms of diet, the most consistent finding has been the protective effect of a high fruit and vegetable intake (4) . Because meat may contain several carcinogenic compounds, including readily available heme iron, mutagens formed during high-temperature cooking and mutagens from nitrite-preserved meat, it has been the focus of many epidemiologic studies. Specifically, high intake of red and processed meat is a well-established risk factor for colorectal cancer, its association to SCC of the UADT, however, is not yet clear (4) . The few prospective studies on the relation of meat intake with SSC of the UADT have not resulted in a clear picture and, in many circumstances, lacked sufficient case numbers (7) (8) (9) (10) (11) (12) (13) . In brief, red meat was associated with higher risk of laryngeal and esophageal SCC in the NIH-AARP Diet and Health study (8, 13) , whereas processed meat was not significantly related to risk of these cancer sites in that study. Although limited in size, a Norwegian study and a study among Hawaii Japanese men contrarily suggested a higher risk of SCC of the UADT for intake of bacon (7, 10) . Among 33 UADT cancer cases of unspecified histology in the Iowa Women's Health study, only combined risk estimates for processed meat and fish intake were reported and suggested a higher risk with higher frequency of intake (12) .
In contrast to red and processed meat, cancer-protective effects have been ascribed to a high fish intake; the evidence for an association with SCC of the UADT, however, is sparse and was judged too limited to draw any conclusions (4) .
The European Prospective Investigation into Cancer and Nutrition (EPIC) study includes individuals from 10 European countries with large differences in meat intake, a considerable number of UADT cancer cases, and detailed data on smoking and alcohol consumption habits. Our aim was therefore to further elucidate the role of meat, its subtypes and fish intake in the development of SCC of the UADT and the potential mechanism via heme iron.
Material and Methods

Study population
EPIC is a large multicenter prospective cohort study designed primarily to investigate the relationship between diet, lifestyle, and genetic factors and cancer incidence (14, 15) . In brief, between 1992 and 2000, a total of 521,448 participants were recruited in 23 administrative centers from 10 European countries: Denmark, Sweden, Norway, the United Kingdom, France, The Netherlands, Germany, Spain, Italy, and Greece. Participants provided written informed consent. Approval for this study was obtained from the ethical review boards of the International Agency for Research on Cancer and from all relevant local ethics committee in the participating countries.
We excluded participants if they reported prevalent cancer at baseline (n ¼ 23,785), if they had incomplete questionnaire data or missing dates of cancer diagnosis or follow-up (n ¼ 10,618), or if they were in the top or bottom 1% of the distribution of the ratio of energy intake versus energy requirement (n ¼ 9,601). In addition, the cohorts of Norway (n ¼ 35,170) and Greece (n ¼ 26,032) were excluded because of very few cases of UADT SCC (9 in both centers) and the French cohort (n ¼ 67,386) because of incomplete case identification routines in this cohort for the cancer sites under study. The analytical cohort finally comprised 348,738 participants (131,453 men, 217,285 women).
Diet and lifestyle assessment
Habitual diet over the past 12 months was assessed at baseline by means of country-specific validated questionnaires (14, 16) . In most countries, extensive quantitative food frequency questionnaires (FFQ) were used. In Denmark, Norway, Naples (Italy), and Umea (Sweden), semiquantitative FFQs were administered. A combination of dietary methods (semiquantitative FFQ and diet record) was adopted in Malm€ o (Sweden) and the United Kingdom. Diet history questionnaires were used in Spain. In addition to the dietary questionnaire, highly standardized, computer-based 24-hour dietary recall (24-HDR) measurements were obtained from representative subsamples (5%-12%) of each EPIC cohort (17) . These 24-HDR data were used to correct for systematic differences between the dietary questionnaires and to minimize measurement error of the FFQ by calibration (18) .
The exposure variables considered were daily intake of total meat, as well as its subgroups (red meat, processed meat, poultry), fish and heme iron from meat. Red meat included all fresh, minced, and frozen beef, veal, pork, and lamb. Processed meats were mostly pork and beef that have undergone some form of preservation other than freezing, such as salting, smoking, marinating, air drying, or heating (e.g., ham, bacon, sausages, meat cuts, salami), and a small part of minced meat that has been bought as a ready-to-eat product (unknown recipe, e.g., hamburgers and meat balls). Lamb and poultry are rarely processed into these types of meats in Europe. Poultry included all fresh, frozen, minced chicken, and turkey. In some countries, rabbit (domestic) was also included, although 77% of the study population did not consume rabbit and among those who did, the contribution to total meat intake from rabbit was only 4%. Fish included whole fish, fish products, crustaceans, molluscs, and fish in crumbs. Food consumption data from the dietary questionnaires were used to calculate total dietary iron intake using countryspecific food composition databases, which had been standardized across countries (19) . Heme iron intake from meat was computed by applying type-specific proportions of heme iron to the total iron content of different types of meat and fish derived from published values: 65% for beef, 39% for pork, and 26% for chicken and fish, respectively (20) . Because beef intake was estimated based on only 2 recipes in Umea (Sweden), this cohort was not included in the analysis on iron intake.
Lifestyle questionnaires included detailed questions on smoking habits at baseline and history of tobacco consumption, current alcohol consumption and lifetime history of alcoholic beverage consumption, occupation, medical history, and physical activity.
Body weight and height were measured in all centers, except for part of the Oxford cohort, for which selfreported anthropometric data were collected (21) . Body mass index (BMI) was calculated by dividing weight in kilograms by height in meters squared (kg/m 2 ).
Follow-up and ascertainment of endpoints
The follow-up was based on population cancer registries (Denmark, The Netherlands, Spain, Sweden, the United Kingdom, and Italy) or a combination of methods including linkage with health insurance records, contacts with cancer and pathology registries, and active follow-up through study participants and their next-of-kin (Germany). Mortality data were also obtained from either the cancer or mortality registries at the regional or national level.
Each participant was followed for incidence of SCC of the UADT from study entry to cancer diagnosis, emigration, loss to follow-up, death, or end of follow-up, whichever came first. For centers covered by cancer registries, specific censoring dates were established depending on the dates in which the cancer registries were consid- . For those countries using individually based follow-up, the end of follow-up was considered to be the date of the last known contact, or date of diagnosis, or date of death, whichever came first. Cancer incidence data were collected following the rules of the second revision of the International Classification of Diseases for Oncology (ICD-O-2) and converted to ICD-10 for the analysis.
We included incident primary SCC of the oral cavity including the tongue (C01-C06), oropharynx (C09-C10) and hypopharynx (C13-C14), esophagus (C15), and larynx (C32) in our study. The majority of cancer diagnoses (90%) were based on a histologic confirmation.
Statistical analysis
Associations between meat intake and risk of SCC of the UADT were analyzed by estimating relative risks (RR) as hazard ratios using Cox proportional hazards models. Age was taken as the underlying time variable with entry time t 0 and exit time t 1 defined as the participants' age at recruitment and age at cancer diagnosis or censoring, respectively. In all models, the variables center and age at recruitment (1-year categories) were used as stratification variables to control for differences in questionnaire design, follow-up procedures, and other nonmeasured center effects, and allow for more flexibility with the assumption of proportionality of risks.
To control for the effect of energy intake, intake of meat, and other dietary variables, except alcohol, was adjusted for energy intake by the multivariate nutrient density method (22) . Individuals were classified into quintiles of energy-adjusted meat intake based on the distribution among the total cohort and RR were estimated for quintiles of intake with the first quintile as reference. To test for a linear trend across categories, the median value within quintiles was used as score variable. Meat intake was also analyzed as continuous variable with increments of 20 g/ 1,000 kcals for total meat, 10 g/1,000 kcals for red and processed meat, 5 g/1,000 kcals for poultry, 10 g/1,000 kcals for fish, and 200 mg/1,000 kcals for dietary heme iron, corresponding approximately to one standard deviation in intake of the respective intake variable. Except for poultry (12%), nonconsumer status of meat intake only included a negligible number of participants and nonconsumers were not investigated as a separate intake category. However, we included a variable indicating nonconsumer status in all models.
In model 1, RRs were adjusted for nonconsumer status (0/1), sex, energy intake from fat and nonfat sources, and education (none/primary, technical/professional, secondary school, university, not specified). Red meat, poultry, and processed meat were mutually adjusted. Model 2 additionally included a comprehensive variable for smoking habits (lifelong nonsmoking, former smoking with quitting !10 years, former smoking with quitting <10 years, current smoking with <15 cigarettes/day, current smoking with 15-24, current smoking with !25 cigarettes/day, current smoking other than cigarettes combined with smoking with unknown quantity, and missing). The final model (model 3) was further adjusted for alcohol consumption (g/day), drinking history (never, former, unknown), BMI (kg/m 2 ), physical activity (inactive, moderately inactive, moderately active, and active), citrus and noncitrus fruits, and vegetables.
Departure from the proportional hazards assumption was evaluated for each exposure variable by Schoenfeld residuals. No violations were detected.
Sex-specific differences in the association of meat intake with UADT cancer were evaluated using interaction terms. P values for all tests of interaction were based on the likelihood ratio test for the comparison of a model with interaction term to a model without interaction term. Because there was no evidence of effect modification by sex (all P for interaction >0.05), we present the results for both sexes combined. Furthermore, we investigated possible effect modification with smoking status (never, former, current) and drinking status (nonusers vs. users of alcohol) by conducting stratified analyses and evaluating interaction terms. To rule out reverse causation, sensitivity analyses were conducted by excluding cases diagnosed during the first 2, 3, and 5 years of follow-up. Analyses were conducted using SAS (Statistical Analysis System, version 9.2; SAS Institute Inc). For all analyses, 2-sided P values <0.05 were considered statistically significant.
A linear regression calibration approach was used to improve the comparability of dietary data across participating centers and to correct RR estimates for systematic over-or underestimation of dietary intake (18, 23, 24) . Country-and sex-specific calibration models were applied to obtain individual predicted values of dietary exposures for all study participants. Specifically, the 24-HDR measurements were regressed on dietary questionnaires. For zero consumption values reported in the main dietary questionnaire a zero was directly imputed as the corrected value. Negative values occasionally arising after regression were set to zero as well. Age at recruitment, center, weight, and height were included as covariates in the calibration model, and data were weighted by the day of the week and season of the year on which the 24-HDR was collected. Predicted values were modeled as continuous variables in the risk models.
Results
During an average follow-up of 11.8 AE 2.4 years (4,107,300 person-years), a total of 682 incident cases of SCC of the UADT have been accrued among 348,738 study participants (Table 1 ). According to cancer site, 325 (48%) cancers were located in the oral cavity and pharynx, 206 (30%) in the larynx, and 151 (22%) in the esophagus. Mean age at recruitment was 51.1 years. The overall mean intake of total meat was 47.7 g/1,000 kcals, with the highest intake observed in Spain (60.1 g/1,000 kcals) and the lowest intake observed in the United Kingdom health conscious cohort (22.1 g/1,000 kcals). Individuals consuming larger amounts of total meat intake were more likely to be men and to be current smokers, although they were less likely to have a university degree and to be physically active (Table 2 ). They further tended to have a higher BMI and reported higher intake of alcohol and fish but lower intake of fruits and vegetables than individuals with lower meat consumption. Table 3 shows the RRs and corresponding 95% confidence intervals (CI) of UADT cancer by quintiles of intake of total meat, its subtypes, fish and heme iron. In the fully adjusted model (model 3), higher intake of total meat was associated with higher risk of UADT SCC (highest compared with the lowest quintile: RR ¼ 1.37; 95% CI ¼ 1.00-1.88, P for trend ¼ 0.01). On a continuous scale, a 20 g/ 1,000 kcals higher intake of total meat was related to a 9% (95% CI ¼ 1.02-1.17) higher risk for SCC of the UADT. Red meat was not associated with UADT cancer risk. For poultry, significant inverse relations were observed from 3rd to 5th quintile, although the trend test was not significant and there was no association on a continuous scale. With respect to processed meat, individuals in the highest quintile of intake had a 41% higher risk for UADT SCC (95% CI ¼ 1.03-1.94, P for trend ¼ 0.01) compared with individuals in the first quintile. Per 10 g/1,000 kcals of processed meat, UADT cancer risk increased by 13% We also addressed the role of anatomic location by fitting separate models on a continuous scale for cancers of the oral cavity/pharynx, esophagus, and larynx (Table  4 ). The positive association of processed meat observed with combined UADT cancer was also present for all 3 cancer sites, although not significant for laryngeal cancer. Furthermore, a significant inverse relation was found for poultry with esophageal cancer [RR ¼ 0.86 (0.76-0.98) per 5 g/1,000 kcals].
There was evidence of effect modification by smoking status with processed meat (Table 5 ). Although intake of processed meat was not related to SCC of the UADT among lifelong nonsmokers and former smokers, it was positively associated with these cancers among smokers at recruitment (P for interaction <0.0001). Specifically, per 10 g/1,000 kcals processed meat intake, UADT cancer risk increased by 18% among smokers. This observation was consistent across countries (P for heterogeneity ¼ 0.62). A similar pattern was observed when a single reference category was chosen and combined effects were determined for quintiles of processed meat intake in combination with categories of smoking status in relation to UADT SCC (Fig. 1) . Smokers in the highest quintile of processed meat intake had a 5.5-fold higher risk than nonsmokers in the lowest intake category of intake. When we further divided the subgroup of smokers into mild and heavy smokers based on sex-specific medians of number of cigarettes per day (15 cigarettes for men and 12 for women), the higher risk for UADT cancer was present both in mild and heavy smokers, although it was more pronounced among heavy smokers in comparison with the combined reference category of lowest quintile of processed meat intake among lifelong nonsmokers [RR ¼ 3.73 (2.22-6.72) and 8.32 (5.12-13.5) for mild and heavy smokers, respectively]. In additional analyses among smokers, RRs were further adjusted for intensity of smoking (number of cigarettes) and smoking duration to control for heterogeneous smoking habits; however, RRs were hardly affected [RR (95% CI) per increase of 10 g/1,000 kcals: 1.16 (1.08-1.25)].
We found no evidence of different associations between meat, meat subtypes, fish, and heme iron with risk of UADT cancer by status of alcohol use at baseline. Although P for interaction was significant (P ¼ 0.04) for processed meat, stratified analyses showed higher Processed meat (g/1,000 kcals) Quintiles of meat/heme iron intake were calculated based on nutrient density energy adjusted meat/heme iron intake. Intakes are medians and ranges as estimated from the dietary questionnaire.
b Observed, intake of meat/iron was estimated from the dietary questionnaire; predicted, intake of meat/iron was calibrated using data of the 24-hour diet recall of the calibration study participants.
c Model 1 is derived from Cox regression stratified by age at recruitment and center, adjusted for nonconsumer status (0/1), sex, energy intake from fat and nonfat sources, and education (none/primary, technical/professional, secondary school, university, not specified). Red meat, poultry, and processed meat were mutually adjusted. After exclusion of UADT cancer cases occurring during the first 2, 3, and 5 years of follow-up, the associations between meat and UADT cancer hardly changed in the total cohort and in stratified analyses (data not shown). When we restricted the analysis to cancer cases for which diagnosis was based on histology (90%), results did not change (data not shown).
Discussion
In this large prospective study based on data from almost 350,000 European men and women, higher intake of total meat was associated with higher risk of SCC of the UADT, which was mainly driven by the effect of processed meat. Red meat, poultry, fish, and heme iron were not consistently related to UADT SCC. Importantly, the higher risk with higher processed meat intake was only observed among smokers at recruitment.
To our knowledge, 7 prospective studies (7-13) have investigated associations between consumption of total meat or its subtypes and (single) SCC of the UADT. Among them, 5 were conducted in Western populations (7, 8, 10, 12, 13 ) and 2 in Asian individuals for whom only risk estimates for total meat were reported (9, 11) . Consistent with our observation of an increased UADT SCC risk with higher processed meat intake, a Norwegian study based on 71 UADT cancer cases, of which 61 were SCC, and a study among Hawaii Japanese men including 92 UADT SCC cases suggested a higher risk of these cancers for higher consumption of bacon (7, 10) .
Interestingly, processed meat was positive, although nonsignificantly, associated with esophageal SCC in the large NIH-AARP Diet and Health study (13) . Instead, an elevated risk of laryngeal cancer and esophageal SCC with higher red meat was reported (8, 13) which is not supported by the findings of our study. Case-control studies on the evaluation of meat intake and UADT cancer reported positive, although nonsignificant associations for red and processed meat (25), significant positive associations for red meat but not for processed meat (26), or positive associations for both red and processed meat (27, 28) . An explanation for the divergent observations between the NIH-AARP study and our study may relate to different groupings of meat items and different intake ranges. In the NIH-AARP study, all types of beef, pork, and lamb were considered red meat, including those types that had undergone some form of preparation and were defined as processed meat in our study. As a consequence from this grouping, red meat intake was higher in NIH-AARP than in our study. In contrast, intake of processed meat was remarkably lower in NIH-AARP than in the present study (median of 23.2 g/1,000 kcals and 32.8 g/1,000 kcals RRs are derived from multivariate Cox regression stratified by age at recruitment and center, and adjusted for nonconsumer status (0/1), sex, energy intake from fat and nonfat sources, education (none/primary, technical/professional, secondary school, university, not specified), smoking (lifelong nonsmoking, former smoking with quitting !10 years, former smoking with quitting <10 years, current smoking with <15 cigarettes/day, current smoking with 15-24, current smoking with !25 cigarettes/day, current smoking other than cigarettes combined with smoking with unknown quantity, and missing), alcohol consumption (g/d), drinking history (never, former, unknown), BMI (kg/m in the highest quintile in NIH-AARP and in our study, respectively). Thus, it may be possible that the contrast between 1st and 5th quintile of processed meat consumption was high enough for us to reveal a significant association with processed meat whereas in the NIH-AARP study it may have been too small. Overall, the findings of these 2 large prospective studies clearly emphasize the importance of identifying the agents responsible for an association between meat and UADT cancer. Various biologic mechanisms have been hypothesized to explain associations between intake of meat and cancer at various sites. First, both red and processed meat may be a source of several known mutagens, including heterocyclic amines and polycyclic aromatic hydrocarbons (29) (30) (31) . The lack of association between red meat and UADT cancer in the present analysis, however, does not provide support for the hypothesis that those carcinogenic substances may play a major role in the etiology of neoplasms of the UADT. Second, meat, particularly red meat, is a source of readily available heme iron, which can act as a prooxidant and catalyze lipid peroxidation and DNA damage in the tissues (32) , and may also induce endogenous formation of Nnitroso compounds (NOC; ref. 33 ). Nevertheless, we did not observe a clear association between heme iron and UADT cancer risk. Third, processed meat is an important source of nitrites and exogenous NOCs (34) that have been found to be carcinogenic to multiple organs in 39 different animal species and may be specifically involved in the etiology of SCC of the esophagus (35) .
The results of the present study indicate that carcinogenic compounds specifically present in processed but not in red meat, such as NOCs, might affect risk of SCC of the UADT. In this respect, the effect modification by smoking is interesting and suggests that eating processed meat and smoking cigarettes might exert a synergistic effect. Hence, it is tempting to speculate that a metabolic interplay of carcinogenic substances present in tobacco smoke and processed meat might be responsible for the observed associations. Tobacco smoke contains as many as 60 carcinogens (36) and the UADT is directly exposed to these inhaled substances. Much is known about the mechanisms by which carcinogens present in tobacco smoke can act as both initiators and promoters of cancer at various sites (6) . Thus, one might hypothesize that the tobacco-initiated cells may be more susceptible to the deleterious effects of NOCs in processed meat. In addition, tobacco smoke has been shown to induce several phase I and phase II enzymes in human tissues (6) and one might speculate that tobacco smoke induces enzymes that are responsible for the metabolic activation of carcinogens present in processed meat. Finally, chronic exposure to tobacco smoke may cause irritation and inflammation of epithelial cells lining the UADT and renewing epithelial cells might be more susceptible to the detrimental effects of carcinogenic compounds in processed meat. However, the exact underlying biologic mechanism is currently unknown and future research is needed to confirm the present finding of an effect modification by smoking. RRs are derived from multivariate Cox regression stratified by age at recruitment and center, and adjusted for nonconsumer status (0/1), sex, energy intake from fat and nonfat sources, education (none/primary, technical/professional, secondary school, university, not specified), alcohol consumption (g/d), drinking history (never, former, unknown), BMI (kg/m 2 ), physical activity (inactive, moderately inactive, moderately active, and active), citrus and noncitrus fruits, and vegetables. Red meat, poultry, and processed meat were mutually adjusted. Observed, intake of meat/iron was estimated from the dietary questionnaire; predicted, intake of meat/iron was calibrated using data of the 24-hour diet recall of the calibration study participants.
c P values based on the likelihood ratio test are for comparisons of the model that included interaction terms between the respective dietary variable and smoking status with the model that did not include these interactions (with 2 degrees of freedom). P values (two-sided) < 0.05 are considered statistically significant.
Because smoking is such a strong risk factor for UADT cancer, residual confounding is always an issue. Although we evaluated the stability of this result in various sensitivity analyses, we cannot rule out residual confounding by smoking.
Among the strengths of the present study are its prospective design, the large number of incident cases of UADT SCC allowing for stratified analyses, the distinctly diverging dietary habits due to inclusion of participants from several European countries and the detailed assessment of important confounders. Some limitations of our study should be acknowledged as well. First, the results could have been affected by measurement error, a common limitation in epidemiologic studies; however, the wide range of meat intake reduced potential effects of measurement error and we additionally corrected risk estimates in the calibrated models. Second, information on dietary habits was assessed only at recruitment and may therefore not perfectly represent long-term intake. Third, we were not able to evaluate associations of NOCs from processed meat with UADT cancer risk, which may explain the association observed for processed meat. Fourth, we did not conduct direct measures of heme iron, but used specific factors for each type of meat obtained from published data. Nevertheless, in a recent study on colorectal adenocarcinoma it was shown that heme iron intake estimated using published data and heme iron estimated from own analysis was highly correlated and individuals were classified in the same quartile (37) . Finally, because low consumers of meat tended to be healthier, this study might be subject to residual confounding by unknown factors if healthier behaviors of low-meat consumers have other underlying factors than those assessed here.
In conclusion, our study suggests that higher intake of processed meat may be associated with risk of SCC of the UADT among smokers. Confirmation in future studies and identification of biologic mechanism is warranted.
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